The 16S rRNA gene sequences of Mycoplasma cavipharyngis and Mycoplasma fastidiosum have been determined. Phylogenetic analysis showed that these species formed a new cluster within the so-called pneumoniae group of the mollicutes (class Mollicutes). This cluster will be referred to as the M. fastidiosum cluster. Interestingly, the M. fastidiosum cluster formed a sister lineage to the haemotrophic bacteria, Eperythrozoon spp. and Haemobartonella spp. The two latter genera, formerly classified as rickettsias, formed a stable phylogenetic entity in the tree as judged from branch lengths, bootstrap values and sequence signatures. Thus, the members of the M. fastidiosum cluster are the closest known relatives to the haemotrophic bacteria. Our data strongly support that the haemotrophic bacteria should be reclassified to reflect their actual phylogenetic affiliation. z 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
Sequence analysis of 16S rRNA [1] had earlier been used to establish the phylogeny of the members of the class Mollicutes (trivial name mollicute) [2] . Five major phylogenetic groups (the anaeroplasma group, the asteroleplasma group, the hominis group, the pneumoniae group and the spiroplasma group) were de¢ned [2] and these groups have been further subdivided into phylogenetic clusters named after a representative genus or species [2, 3] . The revised taxonomy of the mollicutes is, among other things, based on their phylogenetic relations [4] .
It has recently been shown by 16S rRNA sequence analysis that the haemotrophic bacteria Eperythrozoon spp. and Haemobartonella spp., which were earlier classi¢ed as rickettsias, are closely related to the mollicutes [5, 6] . These haemotrophic bacteria (or haemotrophic mollicutes) lack a cell wall like the mollicutes and they cluster with the mollicutes of the pneumoniae group [5] .
In 1980 a new mycoplasma, which was isolated from horses, was described [7] . This species was named Mycoplasma fastidiosum, because of its fastidious nutritional requirements on primary isolation, and it resembled M. pneumoniae in several biochemical and morphological respects. M. fastidiosum was characterised as a slow glucose-metabolising species. M. fastidiosum can be isolated from the respiratory tract of horses, but it has not been shown to have any pathogenic signi¢cance. In 1984 another new mycoplasma was isolated from the nasopharynx of guinea pigs [8] . This non-pathogenic species was named Mycoplasma cavipharyngis and it was found to be a glucose-fermenting mycoplasma. The detailed phylogeny based on 16S rRNA sequence analysis of M. cavipharyngis and M. fastidiosum in relation to other mollicutes and to the haemotrophic bacteria is presented in this work.
Materials and methods
2.1. Cultivation and preparation of genomic DNA from M. cavipharyngis and M. fastidiosum M. fastidiosum strain 4822 was cultivated in F broth [9] as described [7, 9] . DNA was prepared by phenol extraction of M. fastidiosum cells and washed with phosphate-bu¡ered saline, according to standard procedures. The 16S rRNA gene of M. cavipharyngis strain 117C was ampli¢ed directly from an ampoule with lyophilised bacteria.
PCR and sequence analysis of the 16S rRNA gene
In vitro ampli¢cation of the 16S rRNA genes from M. cavipharyngis and M. fastidiosum by PCR with universal 16S rDNA primers was performed with a model 480 thermocycler (Perkin-Elmer) as described [3, 10] . Sequencing of the PCR products in both directions by solid-phase DNA sequencing was performed with the ALFexpress system (Amersham Pharmacia Biotech) as described [3, 10] . A sequence alignment was compiled which comprised 1476 positions. Neither gaps nor ambiguously aligned positions were removed prior to the phylogenetic analysis. The cladogram was computed from a distance matrix corrected for multiple nucleotide substitutions [11] by neighbour joining [12] . The 16S rRNA sequences of M. cavipharyngis and M. fastidiosum were deposited in GenBank under the accession numbers AF125879 and AF125878, respectively. Evolutionary trees were inferred using the program package PHYLIP version 3.51c [13] .
Results

3.
1. Sequence analysis of the 16S rRNA genes of M. cavipharyngis and M. fastidiosum
Sequences of 1444 and 1455 nucleotides of the 16S rRNA genes of M. cavipharyngis and M. fastidiosum, respectively, were determined. Polymorphic positions were not found, indicating that the organisms have only one rRNA operon, like other members of the pneumoniae group. Computerised sequence analysis of the 16S rRNA genes of M. cavipharyngis and M. fastidiosum showed that they were 96.5% similar and that they represented mollicute 16S rRNA sequences, although they were quite di¡erent from other members of the class ( Table 1 ). The highest similarity values, ranging from 81 to 84%, were obtained to the members of the pneumoniae group. The most closely related mollicute of the earlier sequenced species was found to be M. iowae with a similarity value of 84% to both M. cavipharyngis and M. fastidiosum. The phylogenetic relations between M. cavipharyngis, M. fastidiosum, the haemotrophic bacteria, the members of the pneumoniae group and representatives of some other phylogenetic groups of the mollicutes are shown in the evolutionary tree in Fig. 1 . The high bootstrap percentage values as obtained by resampling the data set 1000 times and the marked branch lengths indicate the robustness of the tree. Overall, identical topologies were also obtained when parsimony and maximum likelihood were used for tree construction. Furthermore, the same topology of the tree was obtained when representatives of the walled relatives (e.g. Clostridium ramosum) were used as outgroups. Removal of highly variable positions with a 50% conservation ¢lter altered neither the branching order nor the topological stability of the actual locale of the tree.
M. cavipharyngis and M. fastidiosum formed a cluster of their own within the pneumoniae group. Interestingly, when the 16S rRNA sequences of Eperythrozoon suis, E. wenyonii, Haemobartonella felis and H. muris were included in the sequence analysis, these species formed a distinct cluster in the pneumoniae group together with M. cavipharyngis and M. fastidiosum (Fig. 1) . The highest similarity value (81%) to both M. cavipharyngis and M. fastidiosum was obtained for H. muris, strain Shizuoka ( Table 1 ). The similarity values for M. cavipharyngis and M. fastidiosum to mollicutes of other phylogenetic groups than the pneumoniae group were in the range of 75^78% (Table 1) .
Unique nucleotides and higher order structural elements
Presence of unique nucleotides has been established from the sequence alignment in relation to other mollicutes. More than 20 unique nucleotide positions, which were not shared with other mollicutes, were found for the haemotrophic mollicutes (data not shown). About 40 positions where M. cavipharyngis and M. fastidiosum have a homologous nucleotide in common with both the haemotrophic mollicutes and the members of the pneumoniae group were found. Most other mollicutes did not share these nucleotides in homologous positions. Those unique nucleotides, for which only few exceptions were found, are listed in Table 2 . Eight positions (296, 307, 441, 637, 886, 1287, 1317 and 1352) were found where the nucleotides of M. cavipharyngis and M. fastidiosum were shared with the haemotrophic mollicutes only (Table 2) . One nucleotide (position 250) of M. cavipharyngis and M. fastidiosum was shared with members of the pneumoniae group only, and not with the haemotrophic mollicutes or other mollicutes ( Table 2) .
The haemotrophic mollicutes M. cavipharyngis and M. fastidiosum have the truncation in the seg- Table 1 Distance The strain designation or the accession number in GenBank is included for some of the haemotrophic mollicutes to facilitate comparison with Fig. 1 . The similarity values for M. cavipharyngis and M. fastidiosum are in bold. Abbreviations: Ana spp., Anaeroplasma species; Asana, Asteroleplasma anaerobium ; Meq, Mycoplasma equigenitalium; Mmo, Mycoplasma mobile; Mne, Mycoplasma neurolyticum; phy, members of the phytoplasma group ; Mpu, Mycoplasma pulmonis; Msy, Mycoplasma synoviae; spi, members of the spiroplasma group; Ure spp., Ureaplasma species ; Uur, Ureaplasma urealyticum. ment corresponding to positions 1126^1144 which is characteristic for the members of the pneumoniae group and the M. synoviae cluster of the hominis group [2, 3] . M. cavipharyngis and M. fastidiosum have unique sequence motifs of four nucleotides (GGCA and GGCG, respectively) in positions 1188^1191 (corresponding to 1256^1259 in Escherichia coli), which they did not share with any other mollicute. The haemotrophic mollicutes, members of the pneumoniae group and all other mollicutes have the sequences TYRC, THGC and HHGC, respectively, in this region. We found a total of 48 nucleotide positions which were not in common for M. cavipharyngis and M. fastidiosum.
Discussion
Sequence analysis of the 16S rRNA genes showed that M. cavipharyngis and M. fastidiosum form a new cluster within the pneumoniae group of the mollicutes and we suggest this cluster be named the Mycoplasma fastidiosum cluster. The Eperythrozoon spp. and the Haemobartonella spp. form a sister lineage to the M. fastidiosum cluster, which will be tentatively referred to as the`cluster of the haemotrophic mollicutes' (HM). This cluster consists of two subclusters (Fig. 1) , which may have to be further subdivided in the future. The truncation of about 10 bp in the segment corresponding to positions 453^481 in E. coli, which are present in H. muris Shizuoka and H. felis (U95297), strongly supports these two subclusters within the HM cluster. A similar truncation has not been found in any of the other mollicutes or their walled relatives, but Acholeplasma laidlawii, Anaeroplasma abactoclasticum, An. varium and phytoplasmas have a short truncation in this region. About 60 individual nucleotide positions were found which also support this grouping. In all these positions, H. muris Shizuoka and H. felis have a nucleotide in common and all the other haemotrophic mollicutes have another nucleotide in common. Two strains of H. felis clustered in each of the two di¡er-ent subclusters of the HM cluster, which probably re£ects the di¤culty in species de¢nition within this group of organisms. One of the reasons for classifying Eperythrozoon spp. and Haemobartonella spp. as rickettsias was their intracellular growth characteristic. M. fermentans, M. hominis, M. gallisepticum, M. genitalium, M. penetrans and M. pneumoniae have also been reported to have the capacity to invade cells [14, 15] .
It is noteworthy that the latter four species are found in the pneumoniae group and are, accordingly, relatively close to the HM cluster. Furthermore, it has been observed by electron microscopy that M. pirum, another member of the M. pneumoniae group, may have the capacity to invade cells in culture (G. Bo ë lske, unpublished data). In the present study, M. cavipharyngis and M. fastidiosum were found to be the closest known relatives to the HM cluster and they are probably descended from a common ancestor. This ¢nding strongly supports the suggestion that Eperythrozoon spp. and Haemobartonella spp. should be renamed to re£ect their actual phylogenetic identity [5, 6] . 
